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ABSTRACT: With the rapid development of renewable
energy technologies there is an urgent need to ﬁnd synthesis
routes that address the needs of materials in a reproducible
and aﬀordable way. In this study, we present a one-step
electrochemical method for the deposition of nanocrystalline
titanium dioxide ﬁlms on diﬀerent carbon substrates. By
optimizing the synthetic conditions, electrodeposition of
nanocrystalline and porous titanium dioxide layers was
achieved in only a few minutes. To deconvolute the complex
eﬀect of the solution pH and temperature, as well as the
deposition potential, a set of systematic experiments was
carried out on glassy carbon electrodes. The robustness and
general applicability of this synthetic approach is demonstrated by extending it to graphene ﬁlm electrodes. The phase
composition of TiO2 was controlled by varying the solution composition. The photoelectrochemical performance of the
electrodeposited titanium dioxide ﬁlms was better than, or at least comparable to the benchmark P25 titanium dioxide ﬁlms.
Hydrogen-ion intercalation measurements for the TiO2/graphene electrodes indicated promising charge storage capacity, which
might be exploited in the future in Li-ion batteries.
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■ INTRODUCTION
Photovoltaic, photocatalytic, and photoelectrochemical (PEC)
approaches are among the most promising and most intensively
studied methods for harnessing the energy of sunlight.1,2
Directly converting solar into chemical energyeither by
generating hydrogen via PEC water splitting or forming
hydrocarbons via the reduction of CO2could replace the
current, mostly fossil-fuel-based energy production. Because of
the intermittency of these energy sources, however, the success
of renewable technologies is strongly dependent on storage of
the produced energy (e.g., in Li-ion batteries, redox ﬂow
batteries, and supercapacitors, etc.).3,4 The evolution of these
seemingly unconnected ﬁelds shares a very important virtue:
they all need the synthesis of carefully designed functional
materials. Sophisticated synthesis methods are therefore
required to control the properties of such materials with high
precision and reproducibility.5,6
Even several decades after the ﬁrst reports on its photo-
catalytic and PEC properties,7 titanium dioxide (TiO2) is still
one of the most intensively studied semiconductors for
photo(electro)catalytic applications. Because of its high photo-
activity (although restricted to the UV region of the solar
spectrum) and (photo)chemical stability, it has been frequently
employed in photodriven processes, such as PEC water
splitting.8 Further, because of its high surface area and
mesoporous structure, good dye adsorption properties,
reasonably high electron mobility, and Earth abundance, it is
often applied in dye-sensitized and perovskite solar cells.9,10
Diﬀerent synthetic protocols have been developed to obtain
high-quality TiO2 with controlled structure, doping level, and
crystal phase composition. These include hydrothermal/
solvothermal synthesis,11 sol−gel method,12,13 and ﬂame
pyrolysis.14 To achieve high crystallinity, the synthesis usually
employs high temperatures as well. To apply the nanoparticles
as a thin ﬁlm within solar or PEC cells, they have to be
transferred to a conductive substrate. This transfer is usually
carried out by a physical method (e.g., spray-coating or spin-
coating), followed by a long sinter step at an elevated
temperature. This thermal treatment aims (i) to enhance the
adhesion of the ﬁlm to the underlying support and (ii) to
improve the electronic connectivity among the nanoparticles
(NPs). However, this prolonged heat exposure might result in
unintended NP aggregation and fusion. In summary, these
methods are both time- and energy-consuming; therefore, there
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is a strong need for green and sustainable synthetic approaches
such as the one presented in this work.
One-step methods, such as electrochemical deposition,
where TiO2 forms directly on the substrate, are very
attractive.15 Diﬀerent studies that have been published on the
electrochemical deposition of TiO2 always involve two steps.
First, a titanium(IV) oxide/hydroxide layer is formed on the
electrode surface by either electrochemical oxidation and
hydrolysis of a Ti(III) precursor,16−20 or by the electrochemical
hydrolysis of a Ti(IV) precursor.21−23 The crystalline TiO2 is
typically formed in a subsequent thermal annealing step. It was
demonstrated recently that the amorphous electrodeposit can
be turned into crystalline anatase by long-term aging of the
electrodes at 80 °C in an ammonium ﬂuoride solution.24
Although these approaches consist of multiple steps, they do
demonstrate the most important beneﬁts of electrochemical
deposition techniques: (i) high control over the thickness and
morphology of the layer, (ii) the possibility to homogeneously
coat uneven (rough and complex-shaped) surfaces, (iii) direct
formation of the layer on the conductive substrate, and (iv)
intimate connection between the supporting electrode material
and the deposited layer.
There is one example on the low-temperature, solution-phase
synthesis of TiO2 nanocrystals in the literature,
25 where O2 gas
was introduced into the aqueous solution of TiCl3 precursor.
Surprisingly, one-step, direct electrochemical deposition of
crystalline TiO2 was only reported in one isolated occasion.
26
In this study, the authors were able to deposit crystalline rutile
from an aqueous TiCl3 solution using sodium dodecyl sulfate as
a structure-directing agent. Although the product was partly
crystalline, an additional annealing step generated reasonable
photoactivity.
Semiconductors are often combined with highly conductive,
nanostructured electrode supports for both PEC27,28 and
charge storage applications.29,30 This architecture facilitates
eﬀective charge carrier separation and transport, leading to
better harvesting of the (photo)generated charge carriers.
Furthermore, this combination might increase the stability and
durability of the semiconductor components.31,32 Using carbon
materials in such hybrids as the conductive scaﬀold is a
promising avenue, because of the tunable size, morphology, and
physical−chemical properties of these materials.33 Immobilizing
TiO2 on graphene or carbon nanotube substrates led to notably
improved PEC activity, compared to the regular TiO2
ﬁlms.27,34−36 Since the conductivity of the anode is a decisive
parameter in Li-ion batteries, TiO2/nanocarbon composites are
attractive candidates for this application.37−41
In this work, we report, for the ﬁrst time, the controlled
electrochemical deposition of nanocrystalline TiO2 on the
surface of diﬀerent carbon electrodes. Notably, the developed
synthetic procedure presented below consists of a single, rapid
electrochemical step without the need for postdeposition
annealing. Finally, we show that the electrodeposited TiO2
ﬁlms are at least of comparable quality (and in some instances,
better) to their counterparts obtained via time- and energy-
intensive methods.
■ RESULTS AND DISCUSSION
Eﬀect of Electrodeposition Conditions on the Proper-
ties of TiO2 Films. All TiO2 layers formed by oxidative
electrodeposition from aqueous TiCl3 solution using diﬀerent
electrochemical protocols. Linear sweep voltammograms were
recorded (Figure 1A) to identify the potential region where
Ti3+ species can be oxidized. The onset potential of the
oxidation process is at −0.7 V, which is below the redox
potential of the reduction of dissolved dioxygen at this pH.42
This process could proceed in parallel to the electrodeposition,
leading to both lowered current eﬃciency and the formation of
diﬀerent dioxygen reduction products, which can interfere with
TiO2 formation. Consequently, removal of oxygen species from
the solution is a prerequisite for maintaining solution stability
and to achieve high-quality electrodeposits in a reproducible
way.
The electrodeposition was performed both potentiostatically
(Figure 1B) and galvanostatically (Figure 1C). In the ﬁrst case,
the selected deposition potentials spanned through the whole
polarization curve, starting from the kinetically controlled
region (from −0.7 to −0.5 V), up to the mass-transport-limited
regime (above −0.5 V). In the case of galvanostatic
measurements, the current densities were chosen according
to the current values measured in the previous case. The role of
the electrochemical procedure will be discussed later; ﬁrst we
present the eﬀect of the solution pH and temperature on
potentiostatically formed layers. The pH of the deposition
solution was varied in the range, pH = 1−3. When the pH was
further increased, a dark-colored precipitate formed in the
solution, while at low pH values the deposition always resulted
in an amorphous product, regardless of the other parameters,
and therefore these pH regions were not studied further.
Results obtained by using galvanostatic deposition technique
were very similar, and therefore are not shown here.
The solution temperature can also aﬀect the outcome of the
reaction; therefore, we identiﬁed the products with Raman
spectroscopy. Analyzing the deposit formed at room temper-
Figure 1. (A) Linear sweep voltammogram, recorded at 50 mV s−1 scan rate, in 50 mM TiCl3 solution at pH = 2.0 and room temperature, using a
glassy carbon working electrode. (B) Potentiostatic deposition curves, recorded in the same solution at 80 °C, using a glassy carbon working
electrode (σ = 200 mC cm−2). (C) Galvanostatic deposition curves, recorded under the same conditions as in panel B, employing diﬀerent current
densities (σ = 200 mC cm−2).
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ature (Figure 2A), only those bands appeared that belong to
the glassy carbon electrode (D and G bands at 1346 and 1600
cm−1, respectively).43 At 60 °C, weak Raman signals were
spotted at 165 and 632 cm−1, which became more pronounced
when the temperature was elevated to 80 °C. These peaks,
together with the lower intensity peaks at 245 and 443 cm−1,
were contributions from the rutile and anatase phases proving
the deposition of crystalline TiO2.
44,45 Notably, the presence of
brookite minority phase cannot be ruled out or conﬁrmed by
these measurements. Further increasing the temperature (95
°C), the quality of the deposit did not improve. Additional
temperature-dependency studies were carried out in pH = 3
solution (Supporting Information Figure S1). For further
measurements, we synthesized the samples at the optimum
temperature (80 °C). An interesting and important aspect of
the two sets of spectra was that the ratio of the peaks related to
the rutile and anatase phases diﬀered notably in the two cases,
suggesting that the pH of the solution inf luenced the phase
composition of the forming TiO2.
The phase composition of the samples was further
characterized by X-ray crystallography (XRD) (Figure 2B,C).
The increased solution pH led to an increased rutile/anatase
ratio. As derived from Rietveld reﬁnement of the XRD patterns,
the rutile/anatase ratio was about 1:1 at pH = 3.46 Interestingly,
an anatase:rutile ratio of 3:1 was obtained at pH = 2, which is
very similar to that of Aeroxide P25, the most commonly
applied benchmark TiO2. The diﬀraction at 2Θ ≈ 31° indicated
the presence of a brookite minority phase in the samples, which
could however not be quantiﬁed by the Rietveld reﬁnement due
to the small amount. As at pH < 1 no crystalline material could
be deposited, and the precursor precipitates at pH > 3; the
phase composition of the deposit can be controlled between a
dominantly anatase-containing material to about 1:1 anatase/
rutile ratio (with a possible brookite minority phase). The
crystallite size was estimated to be 6−7 nm at both pH values.
The PEC behavior of the samples was characterized by linear
sweep photovoltammetry. The electrodes formed at room
temperature showed negligible photocurrents (Figure 3A). This
might be rooted in the low crystallinity of these samples as
supported by Raman and XRD data. The photocurrent
increased in accordance with the temperature of the deposition
bath. The photovoltammograms recorded for the samples
prepared at T = 80 °C showed a typical shape for crystalline
TiO2 ﬁlms.
47,48 The onset potential of the photocurrent was
−1.05 V, in good agreement with values reported in the
literature.47,49
Photovoltammograms were recorded for the TiO2 layers
deposited from solutions of diﬀerent pH (Figure 3B). The
saturation photocurrent value varied signiﬁcantly, with a
maximum for the layers prepared in a pH = 2 solution. Careful
inspection of these curves revealed further diﬀerences: (i) the
onset potential of the process and therefore the ﬂatband
potential of the deposited TiO2 was diﬀerent, and (ii) the
current plateau was reached at diﬀerent potential valuesboth
in line with our previous conclusions, namely, that the phase
Figure 2. (A) Raman spectra of the TiO2 layers deposited on glassy carbon working electrodes at E = 0 V, from the aqueous solution of 50 mM
TiCl3 at pH = 2.0, at diﬀerent solution temperatures, σ = 200 mC cm
−2. Comparison of the (B) Raman spectra and (C) Rietveld-reﬁned XRD
pattern of the samples deposited under otherwise identical conditions as in panel A, but at diﬀerent pH.
Figure 3. (A) Typical photovoltammogram of a TiO2 layer electrodeposited at diﬀerent bath temperatures (50 mM TiCl3 at pH = 2.0, j = 100 μA
cm−2, and σ = 200 mC cm−2). (B) Linear sweep photovoltammetric curves, recorded for TiO2 layers deposited from a 50 mM TiCl3 solution at
diﬀerent pH values (j = 100 μA cm−2 and σ = 200 mC cm−2; T = 80 °C). All these measurements were performed in 0.1 M Na2SO3 solution, with a
sweep rate of 2 mV s−1 and light interruption frequency of 0.1 Hz.
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composition of the electrodeposited TiO2 can be tuned by
adjusting the pH of the deposition solution.
The structure and morphology were studied by scanning and
transmission electron microscopy (SEM, TEM). The deposits
always had a porous, sponge-like structure on the glassy carbon
electrodes (Figure 4A). This interconnected structure was
produced by small particles (∼10 nm), agreeing well with the
crystallite size estimated from XRD measurements. These
observations were further supported by high-magniﬁcation
TEM images (Figure 4B), where fused, <10 nm-sized
nanoparticles were identiﬁed. Crystal fringes can be observed
for almost all primary nanoparticles, verifying the high
crystallinity of the depositsin good accordance with the
XRD, Raman, and PEC data. Importantly, the formed TiO2
layers are also homogeneous on the macroscopic level, as
shown by optical images in Figure S2.
The eﬀect of the deposition current density on the maximum
photocurrent was studied at a ﬁxed deposition charge density to
ensure identical ﬁlm thickness (Figure 5A). The highest
photocurrents were recorded for the samples obtained with
moderate deposition current density (j = 100 μA cm−2). This
trend can be attributed to the following: (i) at very low current
densities the deposition time was longer and hence solution
instability had a negative eﬀect; (ii) at low current densities the
contribution of unwanted electrochemical processes (i.e.,
dioxygen reduction) can be signiﬁcant, thus decreasing the
current eﬃciency; (iii) at very high current densities (at more
positive potentials) other electrochemical processes (e.g.,
oxidation of the substrate) may decrease the current eﬃciency.
Similar optimization was performed for the potentiostatic
deposition as well (Figure S3A,B), and the best PEC
performance was found for the layers formed at a moderately
negative potential (i.e., E = −400 mV).
The PEC activity of the layers also showed a maximum-type
dependency on the deposition charge density (i.e., ﬁlm
thickness, Figure 5B) when a ﬁxed current density was applied.
At low charge densities, incomplete substrate coverage and the
thin layer were limiting factors, while at large charge densities
optical/electrical shielding of the layer, mechanical instability,
and solution instability (because of long deposition times) were
the key aspects.
Comparison of the PEC Activity of Electrodeposited
TiO2 with Commercial Aeroxide P25. To have a direct
measure on the performance of the electrodeposited samples,
commercially available Aeroxide P25 samples were charac-
terized under otherwise identical conditions. The P25 TiO2
NPs were spray-coated on glassy carbon electrodes from an
ethanol-based suspension (5 g dm−3) and subsequently sintered
at 200 °C for 30 min. The number of spray-coat cycles was
varied to ﬁnd the optimal thickness of the layer (Figure S4).
The layer with the optimized thickness was then compared to
the electrodeposited sample (Figure 6A).
Comparing the maximum photocurrent values, we note that
the electrodeposited TiO2 layer outperformed the P25
reference material by ∼10%. Furthermore, the saturation
photocurrent was reached at more negative potential in the
case of the electrodeposited sample, indicating a better charge
carrier extraction. This can be explained by the intimate
connection between the substrate and the nanoparticles and
among the individual crystallites forming the sponge-like
structure. When the layers were subjected to an additional
heat treatment, there was a notable increase in the photo-
currents both with the P25 sample and the electrodeposited
TiO2 layers (Figure 6A,B). This photocurrent enhancement is
predominantly rooted in the improved crystallinity (the average
crystalline domain size also increased to 8 nm). The XRD
pattern for an electrodeposited TiO2 ﬁlm subjected to heat
treatment is shown in Figure S5. After this annealing step, the
layers deposited at lower temperatures showed very similar
results (Figure S6A,B).
Electrodeposition on Spray-Coated Graphene Nano-
platelets. One of the greatest advantages of direct electro-
deposition compared to ex situ physical composite fabrication
techniques (e.g., drop-casting or spray-coating) is its capability
Figure 4. (A) SEM and (B) TEM images taken for a TiO2 layer,
deposited on a glassy carbon electrode (c(TiCl3) = 50 mM; T = 80 °C,
pH = 2.0, σ = 200 mC cm−2, and j = 100 μA cm−2).
Figure 5. Maximum photocurrents measured for TiO2 layers deposited from a 50 mM TiCl3 solution at 80 °C and pH = 2.0 at (A) diﬀerent current
densities and σ = 200 mC cm−2 and (B) diﬀerent charge densities and j = 100 μA cm−2. The lines connecting the data points only serve to guide the
eye.
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for immobilizing the given material homogeneously on
complex, uneven surfaces. To demonstrate this feature, the
formerly optimized galvanostatic electrodeposition protocol
was applied to spray-coated graphene electrodes. SEM images
conﬁrmed the formation of a coherent, porous coverage
(Figure 7). Very similarly to the case of GC electrodes, the
TiO2 ﬁlm was assembled from ∼10 nm-sized grains. The
thickness of the oxide ﬁlm was homogeneous on the graphene
platelets and most importantly, no uncoated places were
discovered as conﬁrmed by panoramic and cross-section SEM
and low-magniﬁcation TEM images (Figures S7 and S9).
Furthermore, the TiO2 shell thickness increased gradually with
the deposition charge density (see the series of images in Figure
7). TEM images also conﬁrmed the same structure, i.e., the
TiO2 nanoparticles evenly coated the graphene ﬂakes. The
gradually growing deposition charge was reﬂected by the
increasing TiO2 coverage in the series of samples (Figure S8).
Images taken at higher magniﬁcations conﬁrmed that the layer
was assembled from less than 10 nm-sized crystalline
nanoparticles (Figure 8).
Electrochemical Properties of the TiO2/Graphene
Hybrids. The proton intercalation properties of the TiO2
layers electrodeposited on diﬀerent carbon substrates were
investigated by cyclic voltammetry (Figure 9A,B). The
characteristic current response of the electrodeposited TiO2
layers between −0.3 and −0.6 V is related to the Ti4+ /Ti3+
transformation and the consequent hydrogen-ion intercala-
tion.50,51 The current density was greater when TiO2 was
deposited on graphene layers than on a GC electrode surface
because of the higher surface area. When increasing the TiO2
loading, a continuous increase in the hydrogen-ion intercalation
current was seen. The total charge related to this process
showed a continuous increase with the TiO2 loading for all
investigated substrates (Figure 9C). This can be attributed to
the highly porous nature of the electrodeposited TiO2, which
allows the solvent penetration even at higher layer thicknesses.
It was also seen that the thicker the graphene support, the
higher the charge capacitance at identical TiO2 loadings (Figure
9C). The eﬀect of the substrate was the most prominent at
small TiO2 loadings. Note that, at higher TiO2 amounts, the
morphology of the ﬁlm is very similar to that of bulk TiO2;
therefore morphological aspects become less pronounced (see
also SEM images in Figure 7). Overall, the signiﬁcantly higher
hydrogen-ion intercalation charges in the case of the graphene
substrates clearly show the beneﬁts of highly conductive, high
surface area substrates in designing hybrid materials for charge
storage applications.
■ CONCLUSIONS
In this contribution, a new method was developed and
optimized for the synthesis of directly crystalline TiO2 on
diﬀerent carbon substrates. This synthetic route consists of one
single electrochemical step, resulting in a high-quality, porous,
nanocrystalline TiO2 ﬁlm, in a signiﬁcantly shorter time frame
than the most frequently applied synthesis procedures (e.g.,
sol−gel method or ﬂame pyrolysis). The approach is based on
Figure 6. Linear sweep photovoltammetric curves of a P25 TiO2 layer and an electrodeposited TiO2 layer (A) before and (B) after subsequent heat
treatment (t = 2 h and T = 350 °C), recorded in 0.1 M Na2SO3 solution recorded with a sweep rate of 2 mV s
−1 and light interruption frequency of
0.1 Hz. The electrodeposited layer was formed from a 50 mM TiCl3 solution (pH = 2, j = 100 μA cm
−2, and σ = 200 mC cm−2).
Figure 7. SEM images of TiO2/G2 composites with diﬀerent TiO2
loading, deposited at 80 °C, from a 50 mM TiCl3 solution, pH = 2,
and σ = 100−1000 mC cm−2.
Figure 8. TEM images of a TiO2/G2 composite deposited from a 50
mM TiCl3 solution (T = 80 °C, pH = 2.0, σ = 200 mC cm
−2, and j =
100 μA cm−2).
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the electrochemical oxidation of TiCl3 precursor in an aqueous
solution without any further additive. The crystallinity of the
product is ensured by the elevated solution temperature during
electrodeposition (proved by TEM, Raman spectroscopy, and
XRD). The phase composition of the deposit was dependent
on the initial pH value of the deposition solution. Therefore,
the composition of the TiO2 ﬁlms, namely, the rutile/anatase
ratio, can be controlled and adjusted to a speciﬁc targeted
application. The electrodeposited layers showed higher photo-
currents compared to the Aeroxide P25 reference material. This
is rooted in the interconnected structure of the electro-
deposited layer and in the intimate connection between the
substrate and the deposited TiO2 ﬁlm.
TiO2 was also electrodeposited on graphene supports, and
the charge storage properties of the formed nanocomposites
were investigated as a function of the graphene layer thickness
and TiO2 loading. At identical TiO2 amounts the charge
capacitance of the composites increased monotonously with the
graphene layer thickness, highlighting the beneﬁts of using a
highly conducting carbon scaﬀold to form such composites.
Overall, this time- and energy-eﬃcient synthetic approach can
be an attractive alternative to current methods for preparing
TiO2 (and other oxide) coatings on conducting substrates and
hence is of potential importance to the materials sciences
community.
■ EXPERIMENTAL SECTION
Electrode Preparation from Graphene Platelets. To prepare
electrodes from the premium-quality graphene powder (exfoliated
graphene platelets from Elicarb), it was dispersed in absolute ethanol
by ultrasonic treatment. The formed dispersion (c = 1 mg cm−3) was
spray-coated on polished (gradually with sandpapers of decreasing
roughness) and subsequently cleaned (5−5 min in acetone and
ethanol) and preheated glassy carbon electrodes, using an Alder
AD320-type airbrush with a custom-made fully automated spray-coater
machine (operated with 1 bar compressed air). During the spray-
coating process, the electrodes were masked to have an exposed
surface area of 1 cm2. The electrodes were kept in an oven (180 °C)
for 30 min to remove traces of the solvent and to enhance adhesion of
the graphene platelets. Graphene loading of the electrodes was
controlled with the number of spray steps (as shown in Table 1).
Electrodeposition of the TiO2 Samples. All chemicals used were
of analytical grade and were used as received. Anhydrous Na2CO3 was
purchased from Fluka, while HCl stabilized solution of TiCl3 (12%)
and Na2SO3 was from Sigma-Aldrich. Ultrapure water (ρ = 18.2 MΩ
cm) was used for the preparation of all aqueous solutions. All
electrochemical measurements were performed using a Metrohm
Autolab PGSTAT302 type potentiostat/galvanostat. Electrodeposition
was always performed in a temperature-controlled two-compartment
cell (Scheme 1), in which the anode and cathode chamber was
separated with a Naﬁon-117 membrane. This setup allowed one to
avoid the hydrolysis of the Ti3+ precursor in the close vicinity of the
counter electrode, where the electrochemical H2 evolution leads to
increased pH. The temperature of the deposition solution was
regulated by circulating heated water in the jacket of the working
electrode chamber.
Polished GC sheets and the electrodes formed by the immobiliza-
tion of the graphene platelets were used as working electrode. Pt sheet
and Ag/AgCl/3 M NaCl were used as counter and reference
electrodes, respectively. TiO2 electrodeposition was realized from a
50 mM TiCl3 solution. The solution was deaerated by continuous Ar
purging, and its pH was subsequently adjusted (pH = 1.5, 2, 2.5, and
3) by the dropwise addition of 0.25 M Na2CO3 solution. Note that the
addition of strong alkaline solutions (e.g., NaOH) leads to immediate
precipitate formation. To avoid hydrolysis of the precursor, the
solution was kept under inert atmosphere with a continuous Ar purge
above the solution during the synthesis. The deposition temperature
was varied stepwise from room temperature to 80 °C to the optimal
regime for producing directly crystalline material. To achieve proper
wetting of the layers, prior to the electrodeposition, potentiodynamic
cycling was performed on the graphene electrodes in the deposition
solution in a narrow potential range (E = −0.7 to −0.8 V).
The electrodeposition was performed at a ﬁxed electrode potential
(potentiostatic) or current density (galvanostatic). The thickness of
the layers was regulated by the charge passed during the deposition,
which was normalized to the geometric surface area of the electrode
(charge density, σ = Q/A). The current density was integrated during
the potentiostatic deposition by the Nova software (σ = ∫ j(t) dt). As
Figure 9. Cyclic voltammograms recorded for (A) TiO2/graphene composites with varying graphene thickness and at σ = 500 mC cm
−2 TiO2
loading and (B) TiO2/G2 composites with diﬀerent TiO2 loadings. The voltammograms were recorded in argon saturated 0.5 M H2SO4 solution at
50 mV s−1 sweep rate. (C) Total charge related to the H+ intercalation (derived from cyclic voltammograms of the composites, recorded under the
same conditions as it is shown in panels A and B) as a function of the TiO2 loading.
Table 1. Annotations Used in for the Diﬀerent Graphene-
Coated GC Electrodes
annotation spray-coating cycles mass (μg cm−2)
G1 200 90
G2 600 250
G3 1000 560
Scheme 1. Scheme and Photograph of the Divided
Electrochemical Cell, Used for the Electrodeposition of the
TiO2 Layers
a
aThe anode compartment was ﬁlled with the solution of the Ti3+
precursor, while the cathode compartment was ﬁlled with 0.1 M HCl
solution.
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for the galvanostatic depositions, the time was calculated using
Faraday’s law, σ = jconstt, where Q is the charge, A is the electrode
geometric surface area, and j is the current density.
The weight of some electrodeposited TiO2 layers is summarized in
Table 2, together with its theoretical value. This latter was calculated
from the deposition charge using Faraday’s law, assuming one electron
transfer (Ti3+ → Ti4+) and 100% current eﬃciency. As seen, the
measured and theoretical values agree reasonably well, indicating a
close to 100% Faradaic eﬃciency for the electrodeposition. This is also
conﬁrmed by the thickness of the layers (as measured by SEM; see
Figure S9), which agrees with that calculated from the deposited mass.
Photoelectrochemical and Electrochemical Measurements.
Photovoltammograms were recorded in a sealed electrochemical cell
made of quartz, in 0.1 mol dm−3 Na2SO3 solution. Linear sweep
photovoltammograms were recorded under periodically interrupted
light irradiation, using a Hamamatsu LC-4 type light source with a 300
W Hg−Xe arc (500 mW cm−2 power density). For the H+
intercalation studies, cyclic voltammograms were recorded at diﬀerent
sweep rates, in the same sealed quartz electrochemical cell. The 0.5
mol dm−3 H2SO4 solution was deaerated by bubbling Ar gas through
the cell for 15 min before and during the measurements.
Physical Characterization. Raman spectroscopy was performed
on a DXR Raman microscope using a green laser (λ = 532 nm),
operating at 10 mW laser power. A FEI Tecnai G2 20 X-Twin type
instrument, operating at an acceleration voltage of 200 kV, was used
for the TEM. SEM images were recorded on a Hitachi S-4700 ﬁeld
emission scanning electron microscope, operating at an acceleration
voltage of 10 kV. XRD patterns were recorded between 2Θ = 20° and
2Θ = 70° at 1 deg/min scan rate on a Rigaku Miniﬂex II instrument,
operating with a Cu Kα1 radiation source (λ = 0.1541 nm).
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